reproduction in stands lacking the necessary environment for establishment (Janzen and Hodges 1985 , Hodges and Janzen 1987 , Loftis 1990 ). In addition to these silvicultural treatments, soil scarification has also been suggested as a possible management tool to enhance the establishment of oak reproduction (Scholz 1959 , Barry and Nix 1993 , Zaczek et al. 1997 ).
High predation rates and poor environmental conditions inhibit many acorns from producing a viable seedling (Crow 1988 , Ostfeld et al. 1996 . Soil scarification can improve seedling establishment by incorporating acorns into the soil. Studies have shown that buried acorns have higher germination rates than acorns located on the soil surface (Griffen 1971 , Janzen 1971 , Guo et al. 1999 ). In addition, field studies have shown that buried acorns are less susceptible to insect and animal damage (Auchmoody et al. 1994 , Nilsson et al. 1996 . In years of low to moderate acorn production, acorn predators such as white-tailed deer (Odocoileus virginianus), small mammals, and insects such as weevils (Curculio spp.) may consume a majority of the viable acorns produced (Crow 1988) . Besides decreasing predation and improving the germination environment by incorporating acorns into the soil, scarification can concurrently control competing vegetation (Crow 1988 , Zaczek et al. 1997 , Zaczek 2002 . Benefits gained though soil scarification may augment low acorn germination rates and subsequently increase numbers of newly established oak seedlings.
Currently, a decline in the development of new oak (Quercus spp.) seedlings seen across a large geographic area (Smith 1993 ) represents a significant barrier to regenerate oak forests. This is also true in bottomland forests in the southern United States especially for desirable, high-value species such as cherrybark oak (Q. pagoda Raf.) (Hodges and Janzen 1987 , Guldin and Parks 1989 , Clatterbuck and Meadows 1993 . While scarification has been reported to enhance initial establishment and development of oak seedlings in upland forests (Zaczek 2002) , its application in bottomland forests is lacking. The objective of this study was to assess effects of soil scarification in the presence of abundant acorns, on establishment of oak reproduction in bottomland forests. This article reports on germination and first year survival, following soil scarification, of seedlings within two mixed-oak bottomland stands in southern Illinois.
Methods

Site Description
The study was conducted in an 8.9 ha mixed-oak bottomland forest located (37°42′0′′ N. Lat., 88°26′3′′ W. Long.; Elevation 110 m) along the Saline River in Saline County of southern Illinois. The area was within the Central Till Plains, OakHickory Section, Mount Vernon Hill Country physiographic region of Illinois (Keys et al. 1995) and was primarily composed of cherrybark oak, post oak (Quercus stellata Wang.), shagbark hickory (Carya ovata [Mill.] K. Koch.), and mockernut hickory (C. tomentosa [Poir.] Nutt.). The study area was divided into two stands differentiated by overstory species composition. Study sites were designated as Cherrybark Bottoms, in which the overstory was dominated (52% relative basal area) by cherrybark oak and Post Oak Flat, which contained a mixture of post oak and cherrybark oak (41% and 35% relative basal area, respectively). Generally for both stands, in terms of microtopography, cherrybark oak tended to grow on hummocks, while post oak was found in depressions. The understory of each stand was dominated by poison ivy (Toxicodendron radicans [L.] Kuntze.) and had little advanced oak reproduction. Soils in both stands were poorly drained with moderately poor to poor permeability and integrated between Hurst silt loam and Colp silt loam (Miles and Weiss 1978) . The area's proximity to the channelized Saline River suggested that the stands were subject to periodic inundation of short duration. However, specific information on inundation regimes for the area was limited. Similarly, the origin and history of these stands were not well documented, but periodic burning of unknown frequency had occurred.
Experimental Design
In both Cherrybark Bottoms and Post Oak Flat, eight parallel transects were established. Prior to treatment, a total of fifty, 0.75-m-radius seedling plots were randomly established along the transects designated for scarification in each stand. The seedling plot radius was chosen so samples would be located in the scarified area after treatment with the 2.44-m-wide disk. Also in each stand, control plots (0.75 m radius) were paired with each of the 50 scarified plots and were offset from the scarification transect by 3.81 m to prevent disturbance by the disking treatment (Figure 1 ). Of 50 paired control and scarified plots placed in each stand, the number of plots located along each transect was proportional to the transect length. About 6% of the total area to be scarified was sampled in each stand. During October 1999, prior to scarification, the number of all tree seedlings <1.5 m in height was measured on the 50 plot pairs in each stand. Percent cover for all vine and shrub species was determined by dividing each seedling plot into quarters and ocularly estimating percentage coverage by species in each quarter. From quarter estimates, total cover was calculated for each species present in the 0.75-m-radius plot.
In both stands, density (number ha -1 ) of hard mast by species was estimated by using 1 m 2 square plots placed adjacent to each of the 50 seedling plot pairs (Figure 1 ). To estimate potential seed viability, a random sample of mast was collected by species and site, planted in moistened potting media, and refrigerated until the following spring when it were transferred to a greenhouse for germination testing. Seeds were separated by species and site to allow independent viability tests for individual species in each stand. Partially consumed and intact acorns from each stand were also kept separate to test for differences in viability based on partial consumption.
Scarification was conducted on November 5, 1999, for Cherrybark Bottoms and on November 19, 1999, for Post Oak Flat using a small 42 hp wheeled tractor pulling a 2.44-m-wide standard agricultural field disk with rolling metal discs. Because of dry conditions limiting soil penetration, three scarification passes were required on each transect to achieve a 5 cm depth of scarification. The total area scarified in each stand was approximately 0.14 ha or 3% of each stand. In March 2000, to estimate seed viability, pots containing moistened potting soil and sample acorns and hickory nuts were removed from refrigeration and placed in a heated greenhouse. Wire mesh covered each pot to prevent seed predation by rodents, and the soil was kept moist with periodic watering. In June, after 72 days, the proportion of germinated mast was calculated by species and site.
In spring of 2000, an overstory inventory was conducted on each study site. Twenty circular plots (7.98 m radius, 0.02 ha) were randomly established along each stand's scarification transects, and all trees greater than 9.0 cm in diameter were measured. Of the 20 overstory plots placed in each stand, the number of plots located along each transect was proportional to transect length. At each overstory plot center, trees <9.0 cm dbh, but >1.5 m in height were measured on 2.82-m-radius midstory plots.
After treatment, a spring (June 6, 2000) and fall (October 22, 2000) understory inventory using the prescarification method was completed for both stands. In addition, in the fall inventory each seedling stem base was examined to record whether it was of seed origin or sprout origin from a preexisting individual damaged by the scarification operation. In general, seedling sprouts had multiple leaders and the presence of dead or damaged stems.
Statistical Analysis
Basal area (m 2 ha -1 ) and density (number of stems ha -1 ) of overstory trees were summarized for each species. The relative importance value [(relative density + relative basal area)/2] was calculated for each species in the overstory (Cottam and Curtis 1956 ). In addition, density of the midstory was summarized.
Percent seed germination was determined for cherrybark oak, post oak, and hickory at each site. First, the number of seeds by species found in pretreatment sampling was multiplied by the percent viability determined in greenhouse tests. Next, to estimate the number of newly established seedlings by species, pretreatment seedling density was subtracted from the density found in October at Cherrybark Bottoms because additional seedling establishment occurred between June and October. However, for cherrybark oak and hickory at Post Oak Flat, the June inventory was used in the calculation due to seedling losses that occurred between June and October. The number of newly established seedlings was then divided by the number of viable acorns present on site to estimate the percent seed germination.
For each site, data were summarized by species group. Seed density data were summarized using the following species groups: cherrybark oak, cherrybark oak damaged (partially consumed cherrybark oak acorns), post oak, post oak damaged (partially consumed post oak acorns), hickory, swamp chestnut oak (Quercus michauxii Nutt.), swamp white oak (Q. bicolor Willd.), bur oak (Q. macrocarpa Michx.), and total oaks. The damaged acorns were summarized separately because greenhouse tests suggested they had lower viability than whole acorns.
Understory inventories were summarized using the following groups: green ash (Fraxinus pennsylvanica Marsh.), cherrybark oak, post oak, hickory (mockernut and shagbark hickory), total oaks, other species [grey dogwood (Cornus racemosa Lam.), persimmon (Diospyros virginiana L.), winged elm (Ulmus alata Michx.), American elm (U. americana L.), red elm (U. rubra Muhl.), sweetgum (Liquidambar styraciflua L.), blackgum (Nyssa sylvatica Marsh.), black cherry (Prunus serotina Ehrh.), sassafras (Sassafras albidum (Nutt.) Ness)], total seedlings, and poison ivy (percent cover). Other vine and shrub species (Vitis spp., Rubus spp., Smilax spp., and Lonicera japonica Thunb.) were present in the seedling inventories, but accounted for less than 1% cover across the sampled areas. Therefore, these species were excluded as variables for statistical analysis.
Exploratory data analysis, including probability plot interpretation and the Shapiro-Wilk test for normality, showed the sampling distribution of seedling and hard mast variables to be nonnormal. Therefore, seedling and hard mast data were analyzed using the Friedman Rank Test, a nonparametric method used for randomized block designs (Neter et al. 1990 ). The model included two independent variables (treatment, paired plot) and the analysis was completed for each of the eight understory vegetation and nine mast categories. Each model possessed 1 and 49 degrees of freedom. The P-value for the Type III sums of squares was compared to alpha = 0.05 to determine if significant differences were present between the control and scarified plots for each test.
Results
Cherrybark Bottoms
At the Cherrybark Bottoms site, dominant overstory species in order of relative importance values were cherrybark oak (41.4%), shagbark hickory (24.5%), mockernut hickory (14.8%), and post oak (13.4%) ( Table 1) . Only 280 stems ha -1 occupied the midstory, with 57% being green ash and 21% being hickories.
Prior to scarification, number of acorns (P = 0.565) and hickory nuts (P = 0.746) did not differ between the control and scarified plots. Of the acorns present in controls, 50% were partially consumed at the time of sampling, while in scarified plots 47% were partially consumed (Table 2) . From greenhouse germination tests, the estimated viability of partially consumed acorns in Cherrybark Bottoms was near zero. In contrast, intact cherrybark oak and post oak acorns had an estimated viability of 46% and 64%, respectively (Table 2) . Also prior to scarification, seedling density of green ash, oaks, hickories, other species, and total seedlings (P = 0.679) were not significantly different between treatments (Table 3) . Percentage cover of poison ivy was not significantly different (P = 0.326) between the control (35%) and scarified (33%) plots prior to treatment. Other vine and shrub species were present in June, but each accounted for less than 1% cover in sampled areas.
In June 2000, significantly more oak seedlings were present in scarified plots compared to controls, and essentially no new oak seedlings were present in the control plots (Table 3) . Of the viable acorns present (Table  2) in scarified areas at the time of treatment, 9% of the cherrybark and 3% of the post oak germinated by June. Oak density was significantly greater (P = 0.043) in scarified plots (3,848 stems ha -1 ) compared to control plots (566 stems ha -1 ). However, cherrybark oak and post oak seedling densities were not significantly different between treatments (Table  3) . Similarly, density of other species groups did not differ between treatments. One exception was the percent cover of poison ivy, which was significantly lower (P < 0.001) in scarified plots (17%) than in controls (56%).
By October, seedling density in the controls decreased, while seedlings continued to establish across all species groups in scarified areas (Table 3) . Based on estimated viable acorns numbers present at the time of treatment (Table 2) , an additional 8% of cherrybark oak and 3% of post oak germinated between June and October.
After 1 yr, scarified areas had higher densities of total seedlings than control areas (P < 0.001) ( Table 3) . Cherrybark oak density was greater (P < 0.001) in scarified plots (7,243 stems ha -1 ) versus control plots (453 stems ha -1 ). Of the new oak germinants present a year after treatment, none were seedling sprouts present prior to scarification. Unlike oak, a high proportion of green ash (83%), hickory (39%), and other species (48%) in the scarified plots were seedling sprouts. Scarified plots also had greater density of hickory (P = 0.042), other species group (P = 0.014), and total oaks (P < 0.001) than undisturbed plots. Although 1,358 stems ha -1 of post oak occupied the scarified plots and 113 stems ha -1 in controls, the difference was not statistically significant (P = 0.096). In addition, 1 yr after scarification, percent cover of poison ivy was significantly less (P < 0.001) in scarified areas (6%) when compared to controls (35%). Similar to the pretreatment inventory, average percent cover of other vine and woody shrub species was <1% in control and scarified areas.
Post Oak Flat
Post Oak Flat was a mixed bottomland oak-hickory stand with an overstory composed of, in order of relative importance values, post oak (30.9%), cherrybark oak (30.3%), mockernut hickory (22.4%), and shagbark hickory (11.6%). Relative importance of all other overstory species combined was less than 4.8% (Table 4 ). The midstory of the stand was relatively open with densities of hickory at 160 stems ha -1 and green ash at 500 stems ha -1 . Prior to scarification, there were no significant differences between treatments in the number of acorns (P = 0.254) or hickory nuts (P = 0.368). Of the acorns present at the time of sampling, rodents partially consumed 8% of the total crop in the control plots and 13% in the scarified plots. These partially consumed cherrybark oak and post oak acorn possessed lower estimated viability than did intact acorns (Table 5) .
Seedling densities for all species comparisons did not statistically differ between treatments. Prior to treatment, the understory was primarily composed of green ash and contained little advanced oak reproduction (Table 6 ). Similar to Cherrybark Bottoms, the percent cover of poison ivy did not differ (P = 0.518) between control (12%) and scarified (10%) plots. Likewise, percent cover of all other vine and woody shrubs was less than 1% in the sampled areas. Seven months after treatment (June 2000), establishment of new seedlings was apparent for both treatments, but scarified plots had more germinants and higher germination percentages than controls (Table 6 ). Also at this inventory, scarification resulted in greater post oak (P = 0.001) and cherrybark oak (P = 0.018) seedling densities compared to undisturbed plots. Of potentially viable cherrybark oak acorns present at the time of treatment (Table 5) , 34.3% germinated into seedlings in scarified plots, while only 3% germination occurred in control plots. Similarly, 4% of the potentially viable post oak acorns germinated in scarified areas compared to only 0.16% germinating in controls. New seedling establishment occurred with other species groups; however, densities did not differ between treatments. The percent cover of poison ivy was also significantly lower in scarified areas (P = 0.050) compared to control.
As at Cherrybark Bottoms, additional oak germinants were established at Post Oak Flat between June and October in scarified areas, but not in control plots (Table 6 ). This occurred only for post oak where an additional 8% of the estimated viable acorns germinated (Table 5 ). In October, density of post oak (P < 0.001) and cherrybark oak seedlings (P < 0.001) was greater in disturbed plots compared to controls. In contrast, hickory, green ash, and other species densities did not differ between treatments. One year after treatment, there was more than double the density of seedling reproduction in scarified plots than controls. Moreover, oaks made up more than 50% of all seedlings in the scarified plots, but less than 10% of the total in the controls. Similar to Cherrybark Bottoms, no oak sprouts were present in the fall seedling inventory. In contrast to oak, a proportion of green ash (37%), hickories (35%), and other species (77%) were seedling sprouts. Also, the percent cover of poison ivy was significantly lower (P = 0.028) on scarified plots (16%) than in undisturbed (4%) plots 1 yr after treatment. No other vine or woody shrub species was greater than 1% cover in either treatment.
Discussion
For both bottomland stands in our study, scarification resulted in greater acorn germination of all oak species. Similar results were found on an upland site in central Pennsylvania where soil scarification conducted with a bulldozer and brush rake resulted in 28% germination for northern red oak (Quercus rubra L.) acorns in scarified plots versus 2% in controls (Zaczek et al. 1997 ). In our study, germination at Cherrybark Bottoms was 5% in the scarified plots and essentially 0% in the controls. Similarly, at Post Oak Flat, germination was 10% in scarified plots and 1% in controls.
Although acorn germination in scarified plots was lower than Zaczek et al. (1997) reported, this difference may be related to differences in predation rates or variation in environmental conditions such as the unusually dry fall and early winter that occurred in the current study. Unlike our study, the Pennsylvania trial was conducted in a fenced area to exclude deer and may have received less predation pressure than our unprotected site. Our current bottomland study appeared to have high predation pressure as evidenced by an average of 45% of all cherrybark oak acorns being partially consumed at the time of pretreatment sampling (October 1999) . Curiously, the pattern of partial consumption was that the acorn was chewed in half longitudinally and the proximal half of the acorn was consumed, while the distal end with intact embryo was left uneaten. In agreement with findings by Steiner (1995) , viability of damaged acorns was considerably lower than that of intact acorns.
Along with germination rate, the increase in oak seedling density following soil scarification in this study was similar to other scarification studies (Scholz 1959 , Zaczek et al. 1997 , Zaczek 2002 ). An early study conducted in the Lake States showed that disking increased the initial establishment of northern red oak seedlings after 2 yr, but by year seven, treatment differences no longer existed (Scholz 1959) . From this two-page research note, it was unclear what factors nullified the initial benefits from disking. However, oak seedling heights averaged 19 cm after 7 yr indicating that stand conditions were not favorable to growth and development of oak reproduction. In comparison, scarification in a fenced shelterwood by Zaczek and others (1997) also initially increased establishment of oak reproduction. Three years later, 59% of the oak seedlings were greater than 33 cm in height and were competitive with less desirable species (Zaczek 2002) . It is suggested by these two studies that incorporation of acorns with shallow soil scarification should be accompanied with stand treatments that provide understory conditions conducive to oak seedling survival and growth.
One year after soil scarification, two important results from the treatment were observed. First was the increased density of oak reproduction in the scarified plots. A comparison of the two treatments revealed that Cherrybark Bottoms had 6,790 more oak seedlings ha -1 in scarified plots than in controls. Of the oak seedlings in scarified plots, 81% were cherrybark oak, while 19% were post oak. Likewise, Post Oak Flat had 8,036 more oak seedlings ha -1 in scarified plots. Of the oak seedlings found in scarified plots, 48% were cherrybark oak and 52% were post oak. The proportion of cherrybark oak and post oak seedlings in each stand most likely reflects differences in site factors, overstory dominance, and subsequent acorn production in the two stands. Of the oak seedlings found in scarified plots, a high proportion of stems were new germinants that developed after the disking treatment. In addition, this increase in oak was not due to resprouting because no sprout-origin oak seedlings were found in disked plots 1 yr after treatment. It should be noted that it was likely sprout-origin oak stems developed following scarification, but were not present in the October sample period. Hickory, green ash, and other species also occurred at increased densities in the disked areas one year after treatment. However, a proportion of hickory, green ash, and other species stems were seedling sprouts that developed after the disking treatment. Results suggest that scarification may enhance germination and promote seedling sprouts for some other species as well.
The other important result of the disking is that it helped to decrease the percent cover of poison ivy. This can be important because vines and other species have the potential to impede the development of advanced oak reproduction (Johnson 1975, Janzen and Hodges 1985) . However, the limited data presented does not allow for the prediction of long-term responses of poison ivy to disking and the influence the species may have on developing oak reproduction. Similarly, the response of other vine and woody shrub species to disk scarification cannot be predicted.
Though a higher density of oak seedlings was established in these two stands, many factors will influence the development and survival of these new germinants. Deer browse, vines and herbaceous weed competition, insect outbreaks, disease, and other environmental factors may influence the overall success of these newly established seedlings (Johnson 1975 , Janzen and Hodges 1985 , Pezeshki and Chambers 1985 , Crow 1988 , Lorimer 1993 , Oak 1993 ). An adequate level of light in the understory is crucial to the development of bottomland oak seedlings. However, light levels that exist in many mixed hardwood forests are too low to provide for the adequate development of bottomland oak seedlings (Lockhart et al. 2000 , Gardiner 2002 . Therefore, to successfully culture advanced oak reproduction, a canopy manipulation providing adequate light levels for seedling growth must be completed (Janzen and Hodges 1985 , Hodges and Janzen 1987 , Lockhart et al. 2000 . In relation to our current study, we stress that the continued development and survival of these scarification-augmented seedlings will be limited without a canopy manipulation that provides adequate light for seedling growth.
On an operational basis, other factors influence the success and the judicious implementation of a soil scarification operation for enhancing oak seedling reproduction. Most important is the presence of abundant viable acorns in the stand. Assessing the abundance and potential viability of the acorn crop in mid to late summer is valuable for planning an autumn scarification operation. Additionally, stand characteristics such as soils, the presence of woody debris, and understory structure determine the type of equipment required or if scarification is appropriate at all. The farm tractor and disk scarifier used in the current study would have difficulty functioning and be hazardous to operate in the presence of a dense midstory, abundant slash and woody debris, steep terrain, or rocky soils. Consequently, it may be necessary to conduct a midstory thinning or slash manipulation prior to scarification. In such cases, the bulldozer and brushrake method of scarification outlined by Zaczek and others (1997) and by Lhotka and Zaczek (2003) is more effective as that equipment can remove small trees, move slash, and negotiate rocky soils while scarifying and incorporating acorns into the soil surface. Scarification is not recommended on steep slopes, highly erodible soils, or in sensitive habitats. Finally, it is suggested that soil scarification be used in combination with other silvicultural procedures that provide adequate understory light levels and other needed resources that promote the longterm survival and growth of seedling reproduction.
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